Abstract. The purpose of this study was to develop and validate a rapid, sensitive, and specific reversedphase high-performance liquid chromatography method for the quantitative determination of native tenofovir (TNF) for various applications. Different analytical performance parameters such as linearity, precision, accuracy, limit of quantification (LOQ), limit of detection (LOD), and robustness were determined according to International Conference on Harmonization (ICH) guidelines. A Bridge™ C18 column (150×4.6 mm, 5 μm) was used as stationary phase. The retention time of TNF was 1.54±0.03 min (n=6). The assay was linear over the concentration range of 0.1-10 μg/mL. The proposed method was sensitive with LOD and LOQ values equal to 50 and 100 ng/mL, respectively. The method was accurate with percent mean recovery from 95.41% to 102.90% and precise as percent RSD (relative standard deviation) values for intra-day, and inter-day precision were less than 2%. This method was utilized for the estimation of molar absorptivity of TNF at 259 nm (ε 259 =12,518 L/mol/cm), calculated from linear regression analysis. The method was applied for determination of percentage of encapsulation efficiency (22.93±0.04%), drug loading (12.25±1.03%), in vitro drug release profile in the presence of enzyme (43% release in the first 3 h) and purification analysis of hyaluronic acid-based nanomedicine.
INTRODUCTION
Antiretroviral drugs are one of the most important therapeutic families used to treat human immunodeficiency viral (HIV) infections (1) . Tenofovir (TNF) belongs to the antiretroviral drugs under the category of nucleotide analog reverse transcriptase inhibitors (Fig. 1a) (2) . In its prodrug form it has already been approved by the US Food and Drug Administration (FDA) to treat HIV infections (1, 3) . It is a weak acidic, water-soluble drug with molecular weight of 287.21 g/mol, log P value of −1.6 and two pKa values of 3.8 and 6.7 (3) .
Microbicides are currently the principal focus for HIV prevention strategies (4, 5) . These are the agents used topically within the vagina or rectum in order to prevent infections caused by HIV and other enveloped viruses and sexually transmitted pathogens. Several agents have been tested in clinical trials for their safety and microbicidal effects (6) . The effectiveness and safety of TNF as a microbicide for the prevention of HIV infections have already been approved in some of the recent studies (7, 8) . TNF formulations as solid lipid nanoparticles (9) , vaginal gel (10, 11) , and vaginal ring (12) have already been developed.
Several assays that measured the native TNF in human plasma, such as high-performance liquid chromatography (HPLC) with UV detection (13) (14) (15) , liquid chromatographymass spectrometry (LC-MS) detection (16) (17) (18) (19) , and for the estimation of the prodrug form of TNF, named tenofovir disoproxil fumarate (TDF) in human plasma in combination with other drugs by using HPLC methods have been described in the literature (20, 21) . But most of these methods are tedious, time consuming, and involve complex sample preparations.
The development of LC-MS/MS method for the detection of adefovir (structurally very close to TNF, Fig. 1b ) in human serum and urine (22) , and the HPLC method for the determination of a nucleoside analog acyclovir and its related impurities have also been reported (23) . However, to our knowledge there is no HPLC method that has been reported so far for simple and rapid quantitative estimation of TNF in nanomedicines (NMs) formulation. Moreover, no information is available for the molar absorptivity (ε) value of TNF, which could be very useful for purity evaluation when sufficiently pure standards of TNF are not available. Therefore, in the present study, the authors intend to develop a reversed phase-HPLC method for the determination of TNF in its native form. The authors further used the developed HPLC method to estimate the ε value of TNF, percentage of encapsulation efficiency (% EE), in vitro release profile, and purity analysis of hyaluronic acid (HA)-NMs.
HA is an anionic polysaccharide composed of alternating units of D-glucuronic acid and N-acetyl-D-glucosamine (24, 25) . We selected the HA in this work because it has received much attention these days for drug delivery applications due of its biodegradable, biocompatible, nonimmunogenic, and mucoadhesive properties (24) (25) (26) . The hyaluronidase (HAase) enzyme, present abundantly in human seminal fluid (27) was utilized as the triggering component for degradation of HA-NMs and thus resulting in burst release of encapsulated TNF. It has already been proven that HAase hydrolyzes the β(1-4)glycosidic bonds of HA (26) .
A short run time in the HPLC method always facilitate analysis of several samples per day as already published in some of the studies with HPLC methods, (13, (28) (29) (30) . The run time of 2.5 min in this study also facilitates analysis of several hundred samples of TNF per day. This newly described procedure offers significant advantages over previously published methodologies by its simplicity and rapidness for the detection of TNF. The ε value of TNF determined by using this HPLC method is an intrinsic property of a drug and measures how strongly a chemical species absorbs light at a given wavelength. It is based on the concept of LambertBeer's law according to which the absorbance (Ab) of a substance depends on the path length (l), the length of solution through which the light passes (for cells used in this study, l=1 cm), and the concentration (c, usually expressed in moles per liter) of the substance (Eq. 1) (31).
Ab ¼ "cl ð1Þ
EXPERIMENTAL
Reagents and Chemicals TNF (99% purity) was from Beijing Zhongshuo Pharmaceutical Technology Development Co., Ltd. (Beijing, China). HA of molecular weight 11,624 Da was kindly provided by Zhenjiang Dong Yuan Biotech Co., Ltd. (Jiangsu, China). HAase from bovine testes with specific activity of 810 units/mg, acetone, N-hydroxysuccinimide (NHS), and adipic acid dihydrazide (ADH) were from Sigma-Aldrich (St. Louis, MO). Acetonitrile was from Fischer Scientific (Pittsburgh, PA). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) was from Thermo Fisher Scientific Inc. (Rockford, IL). Milli Q water used throughout the study was the purified water with Millipore water purification system (Millipore Corporation, Danvers, MA). All other chemicals were of analytical grade and used without further purification.
Instrumentation
The HPLC system (Waters, Milford, MA) consisted of a 1575 binary pump system, 717 plus auto sampler, 2487 dual wavelength absorbance detector, and a Bridge TM C18 column (150×4.6 mm, 5 μm). The results were acquired and processed with Breeze™ software (version 3.3). A Genesys 10 Bio UV-vis Spectrophotometer (Thermo Electron Scientific Instruments LLC, Madison, WI) was used to determine the ε value of TNF. Spectra/Por cellulose ester membrane dialysis bags (Spectra/Por Float-A-Lyzer G2, MWCO 3.5-5 kDa) were purchased from Spectrum Laboratories Inc. (Rancho Dominguze, CA). The freeze dryer system was of Labconco Corporation (Kansas City, MO). The in vitro drug release study was performed using a thermostatically controlled shaking water bath (BS-06, Lab Companion, Seoul, Korea). The instrument to determine pH was from Mettler-Toledo Inc. (Columbus, OH).
Analytical Conditions
The HPLC assay was performed isocratically at ambient temperature (23°C). The optimization of the method was done by using various v/v ratios of mobile phases consisting of water-methanol or water-acetonitrile at different pH and flow rates, at the detection wavelength of 259 nm. The sample volume of 10 μL was injected for each run. Mobile phase solvents were degassed in an ultrasonic bath (Sonicator VWR model 150 D; VWR International., West Chester, PA) for 10 min before their use.
Preparation of Standard and Sample Solutions of TNF
The standard stock solution of TNF (100 μg/mL) was prepared by dissolving 1 mg of drug in 10 mL of milli Q water. Serial dilutions of stock solution with the same diluent led to the solutions in the concentration range of 0.1-10 μg/mL for HPLC analysis.
Method Validation
Nine samples with different levels of drug concentrations in the range of 0.1-10 μg/mL were selected to perform the linearity experiment and to construct the calibration curve of the method. Moreover four different levels of drug concentrations (0.5, 1, 5, 10 μg/mL) were utilized to perform various other validation parameters according to International Conference of Harmonization (ICH, Q2:R1) guidelines (32) . The variations in the HPLC peak area were reported as percentage of relative standard deviation (% RSD) for each validation parameters except the accuracy, where it was reported in terms of percent mean recovery. The selected validation parameters were described below. 
Linearity
Linearity is the ability of the method to elicit test results that are directly proportional to analyte concentration within a given range. For the establishment of linearity, a minimum of five concentrations is recommended as per the ICH guidelines. In this analysis, a calibration plot was prepared by analyzing nine solutions in the concentration range of 0.1-10 μg/mL. The intercept, slope, and correlation coefficient (R 2 ) were determined by linear regression data analysis.
Accuracy
Accuracy is the percent of analyte recovered by assay. It was assessed in triplicate by using four concentration levels (0.5, 1, 5, 10 μg/mL). Accuracy was reported as percent mean recovery calculated for each concentration levels selected to perform validation of the method.
Precision
Precision was assessed in triplicate by using four concentration levels (0.5, 1, 5, 10 μg/mL) and was reported as percentage of RSD. Similarly, the intra-day precision was determined and the inter-day precision was based on analysis of these concentrations over a period of 1 week.
Limit of Quantification and Limit of Detection
The limit of quantification (LOQ) is defined as the lowest concentration of an analyte that can be determined with acceptable precision and accuracy under the stated operational conditions of the method. Limit of detection (LOD) is defined as the concentration of an analyte that can be detected but not be quantified. LOQ and LOD values can also be defined as the concentrations that could be detected and yield a signal-to-noise ratio of 10:1 and 3:1, respectively (32) .
Robustness
The robustness of a method is its ability to remain unaffected by small deliberate variations in method parameters. The following changes in the optimum parameter values were examined: the flow rate of the mobile phase (adjusted by±10%), pH (adjusted by±0.1 unit), composition of mobile phase (adjusted by±1 unit), and temperature (±3°C). The variation in the HPLC chromatogram area was calculated for each robustness parameter.
Specificity
Specificity of the method was determined by analyzing potential interfering peaks of the formulation components at retention time of TNF. In addition, empty NMs (without the drug) were prepared, purified, and ultra-centrifuged using Beckman L8-70M (Beckman Instruments Inc., Palo Alto, CA) at 20,000 rpm for 45 min at 10°C to isolate the NMs. The analysis of the supernatant was performed in triplicate (n=3) with the same conditions as used for TNF detection. The purpose of this analysis was to detect any significant peak of formulation components EDC, NHS, and ADH at the retention time of TNF. 
Applicability of the HPLC Method

Determination of Molar Absorptivity of TNF
The proposed HPLC method was applied for the estimation of ε value of TNF. The calculation of the ε by HPLC analysis was done by using Eq. 1 that has been rearranged to give Eq. 2, as previously explained by Pelillo et al. (33) .
Where, Ar is the area of the drug chromatogram (milliabsorbance unit per second or mAU.sec) recorded by the HPLC detector, l is the path length in cm, M is the molecular weight of the drug in Da, f is the mobile phase flow rate in milliliter per minute, and ng is the injected drug amount for each injection volume of 10 μL.
In Eq. 2, all other parameters except Ar and ε are constant for a given drug and analytical conditions, thus they can be referred to as a constant k leading to Eq. 3.
The elaborated Eqs. 2 and 3, could be a useful and alternative tool to better estimate the ε value of any molecule by using HPLC data. The ε value is estimated by using the slope of the regression curve generated using the injected amounts, leading to k (mole centimeter second per liter) and the corresponding areas (Ar).
The ε value of TNF was also calculated using a UV-vis spectrophotometer by preparing a calibration curve in the concentration range of 1-10 μg/mL. For each concentration (molar concentration), Ab was calculated and a plot was constructed by taking the absorbance on y-axis and the concentration on x-axis. The linear regression data analysis, performed through the experimental points by setting the intercept of the calibration curve to zero, allowed obtaining the ε value from the slope of this curve by using Eq. 1.
Statistical Analysis
A student t test was performed for comparison of the results obtained for the ε value of TNF by HPLC and UV-vis spectrophotometer. The p value either less than or equal to 0.05 was considered statistically significant.
Preparation and Purification of HA-NMs
HA-NMs were prepared by surfactant free cross-linking method, adapted from a previous report (34) . HA was crosslinked with adipic acid dihydrazide (ADH) using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), and carbodiimide chemistry. Briefly, 1 mg/mL of aqueous solution of HA was prepared in milli Q water and mixed well by continuous stirring for 1 h. A small amount of acetone was added in this solution and stirred for 1 h to make sure that all the components were well dispersed. Then the aqueous solutions of EDC, NHS, and ADH were added in the above solution and stirred further for 15 h, leading to the formation of an amide bond. Finally, more acetone was added and the solution was stirred continuously for 6 h. The organic solvent (acetone) was evaporated by continuous stirring for several hours. The HA-NMs dispersion in water was subjected to dialysis to remove the non-reacted formulation components (EDC, NHS, ADH, and intermediate products formed). One milliliter of sample from dialysis media was taken at predetermined intervals (3, 6, 9, 12, 24 h) and analyzed by this HPLC method.
Physicochemical Characterization of HA-NMs
The particle mean diameter (PMD: nm), size distribution, polydispersity index (PDI), and zeta potential (millivolts) of the NMs were measured at 25°C by dynamic light scattering method using Zetasizer Nano ZS, Malvern Instruments Ltd., Worcestershire, UK. The PMD of the NMs was represented as Z-average diameter. According to the National Institute Standard, a sample with PDI value less than 0.05 was considered monodispersed (35) . The zeta potential of the NMs dispersion was measured using the zeta potential analysis mode of the instrument. Nanosphere™ size standard (59.0±2.5 nm) and zeta potential standard (−68.0±6.8 mV) were used to calibrate the instrument prior to the NMs sample analysis. The magnitude of the zeta potential (positive or negative) gives an indication of the stability of the colloidal system. Colloidal systems with greater than±30 mV are considered stable (36) . Transmission electron microscopy (TEM) analysis was utilized to determine the morphology of NMs. A Philips STEM CM12 instrument (Philips Electronic Instruments, Inc., Mahwah, NJ) was used for TEM analysis. Digital images were acquired with a large format (II Megapixel) retractable and fiber-optical coupled SC100 ORIUS© CCD camera. To obtain the specimens, a drop of NMs dispersion was placed on a copper grid coated with carbon film and air dried. The observation was performed at an accelerating voltage of 80 kV.
Drug Encapsulation Method and Evaluation of Drug Content of HA-NMs
The encapsulation of TNF inside HA-NMs was done by using soaking method of drug encapsulation which occur by passive diffusion and non covalent binding. Briefly, HA-NMs dispersion after purification by dialysis method was freeze dried, immersed (10 mg) in a concentrated aqueous solution of TNF (5 mg/mL) and left to soak for 3 days at room temperature. After soaking process, the TNF content of the NMs was determined after ultra-centrifugation, indirectly from the drug content of the supernatant by HPLC analysis. The percentage of encapsulation efficiency (% EE) and drug loading (DL) in percentage of w/w of NMs were calculated using following Eqs. 
In Vitro Drug Release Analysis
The release study was performed with equal amount of HAase as found in the seminal fluid (1.08 units approximately in 3 mL of ejaculate) (26) . The analysis was performed with mixture of vaginal fluid simulant (VFS, pH 4.2) and seminal fluid simulant (SFS, pH 7.8) prepared in 1:3 ratios, respectively, and in VFS alone. These simulants were prepared according to previous reports (37, 38) . Three milliliters of the NMs dispersion containing 10 mg of NMs in the simulant mixture (pH 7.1) was put into a dialysis bag and immersed into 20 mL of the simulant mixture. The dialysis bag was incubated in a thermostatically controlled shaking water bath with 60 rpm at 37°C. Aliquots of samples were taken at different intervals of time (1, 3, 6, 9, 24 , and 48 h) from the release media. Fresh simulant mixture was added at the same rate, in order to maintain the sink condition. The concentration of drug in the solution was determined by this HPLC method with each experiment run in triplicate (n=3).
RESULTS AND DISCUSSION
HPLC Method Development and Validation
The best composition of the mobile phase was found to be water (pH 5.1)/acetonitrile (35:65v/v) delivered at a flow rate of 1 mL/min. For the preparation of the aqueous phase (pH 5.1), 1 mL of triethylamine was added to 1,000 mL of water and the final pH was adjusted with orthophosphoric acid (85%) to 5.1. The retention time of TNF was 1.54± 0.03 min (n=6) as shown by the representative chromatogram of TNF (Fig. 2) at the detection wavelength of 259 nm. The quantification of TNF was based on the calibration curve constructed between the areas of the drug chromatogram (y-axis) versus concentration (x-axis). The calibration curve was linear with regression Equation; y=25.847x+2145.1, and correlation coefficient (R 2 )=0.9989. The LOQ and LOD values of TNF were found to be 100 ng/mL and 50 ng/mL, respectively. The method was found to be accurate (as the percent mean recovery was within the acceptable limits of 90-110%) and precise (% RSD less than 2%), as showed in Tables I and II, respectively. The percentage RSD values for each robustness parameter was less than 2%, which indicated that the impact of minor variations in the method parameters was within the acceptable limits and results were unaffected (Table III) .
Applicability of the Method for Determination of Molar Absorptivity (ε) of TNF
The calibration curves were constructed in the concentration range of 1-10 μg/mL for calculation of the ε value using UVvis Spectrophotometer and HPLC method. The curves were found to be linear with the mean value (n=3) of R 2 =0.9993 ( Fig. 3a) and 0.9972 (Fig. 3b) for UV and HPLC methods, respectively. The ε value was estimated by calculating the slope of the calibration curves as shown in Table IV . The results for the average value of the ε calculated by HPLC (12,518 L/mol/cm) and UV-vis spectrophotometer (11,571 L/mol/cm) were compared using the Student t test. A significant difference between these two results was observed (p value=0.001595, less than 0.05), which led to the rejection of the null hypothesis. The HPLC allowed producing more accurate and reliable results (low relative standard error of the mean; SEM); also, the peak of the drug could be well separated from other potential impurities in the sample and selectively estimated by using the HPLC method rather than UV method. The foregoing considerations finally governed our decision to use the value of 12,518 L/mol/ cm obtained by HPLC analysis as the ε final value of TNF. It was noteworthy that this value was somewhat close to the reported ε value of TDF (15,860 L/mol/cm, at the wavelength of 259 nm), a prodrug of TNF (39) and of adefovir (14,100 L/mol/cm, at the wavelength of 260 nm): a molecule that is structurally close to TNF as shown in Fig. 1b (40) .
Application of the Method for HA-NMs
Characterization of HA-NMs
The PMD, PDI, and zeta potential value for HA-NMs analyzed in triplicate (n=3) were 96±0.76 nm, 0.048±0.005, and −52.47±0.89 mV, respectively. The low PDI value (less than 0.05) indicated that the NMs were monodispersed. The high zeta potential value (with absolute values greater than 30 mV) explained the stability of NM dispersion in water. Morphology (assessed by TEM analysis) and size distribution of HA-NMs were shown in Fig. 4a and b , respectively. The results confirmed that NMs have a spherical shape and uniform size distribution.
Determination of the Percentage of EE, DL, In Vitro Drug
Release Profile and Purity Analysis of HA-NMs Figure 5 showed the HPLC chromatogram of dialysis media. The dialysis was performed against 1 L of milli Q water for 24 h with three water changes. The data clearly indicated that after this time, there were no detectable levels of non-reacted formulation components present which could adversely affect the TNF analysis using this HPLC method.
The percentage of EE and DL of HA-NMs (10 mg) was found to be 22.93±0.04% and 12.25±1.03% after incubation with 5 mg/mL aqueous solution of TNF for 3 days. The in vitro release profile was depicted in Fig. 6 . In the presence of HAase an initial burst effect was observed in the first 3 h, with approximately 43% of the drug content being released. Almost 53% of the drug was released in 6 h. After that, a stable plateau phase was observed with nearly 82% of drug being released by 48 h. While in the absence of HAase, nearly 31% of drug was released at the end of the first 3 h followed by a slow drug release kinetics reaching a cumulative value of 49% in 48 h. The TNF release in VFS was somewhat lower than release in the absence of HAase. Almost 20% of TNF was released in first 3 h followed by a slow drug release kinetics reaching a cumulative value of 49% in 48h. No interfering peaks of formulation components were observed at the retention time of TNF either during NMs drug content quantification or in vitro release study by this HPLC method.
CONCLUSIONS
A simple, isocratic, reversed-phase HPLC assay was developed and validated for the quantitative analysis of TNF in its native form. The method was demonstrated to be sensitive, rapid, accurate, and precise. The assay provides a linear response across a wide range of concentrations. The robustness values for variation in the flow rate, temperature, mobile phase pH, and mobile phase composition were well within the acceptance limit, which showed that the method was robust with a good system suitability and precision under a given set of conditions. This HPLC method was found to have a suitable application for the determination of the ε value of TNF estimated for the first time. The assay was successfully applied for the determination of the DL, percentage of EE, in vitro drug release profile and purification analysis of HA-NMs.
